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Abstract

We compare calculations of infrared (IR) spectra of water confined
between non polar surfaces, carried out using ab initio and classical
simulations. Ab-initio results show important differences between IR
spectra and vibrational density of state, unlike classical simulations.
These differences originate from electronic charge fluctuations at the
interface, whose signature is present in IR spectra but not in the density
of states. The implications of our findings for the interpretation of
experimental data are discussed.

1 Introduction

Given the importance of confined water in a variety of scientific fields,1 rang-
ing from biology2–5 to materials science,6–8 many experimental and theoret-
ical studies have been conducted to determine its properties, yet many of
them are still the subject of debate.9–12

Interpreting experimental results on water in confined media has proven
rather difficult in many instances, and firm conclusions based only on ex-
perimental observations are sometimes hard to draw. For this reason it is
desirable to interpret and complement experimental data by using atomistic
simulations. Recently we have undertaken a series of first–principles com-
putational study of the structural properties of water confined between hy-
drophilic silicon carbide surfaces13 and non polar surfaces, including graphene
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sheets, carbon nanotubes14 and deuterated diamond.15 For all cases we
found that the perturbation on the water hydrogen bonded network induced
by the confining surfaces is spatially localized within a thin interfacial layer
((∼0.5 nm in the case of non polar substrates and slightly smaller, about
0.3 nm in the case of SiC). An important question yet to be fully addressed
is the identification of a set of observables allowing for a clear connection
between simulations and existing and future measurements, thus providing
a robust probe of the fluid under confinement.

Here we focus on the vibrational properties of confined water, in par-
ticular its IR spectra. We compare results obtained using ab initio and
classical simulations, and we discuss subtle but important electronic effects
contributing to IR signals. Such effects can be accounted for only within
an ab initio framework, and are responsible for specific features found in
IR spectra. We chose to compare classical and first principles calculations
in the case of graphene, for which well established empirical, interaction
potentials are available in the literature. Our findings provide guidance in
the interpretation of current and future experimental results, and highlight
the importance of considering all contributions determining an IR signal,
including electronic ones, and not only incomplete information contained in
vibrational density of states. The comparison between IR spectra obtained
with ab initio and classical calculations also sheds light on the nature of the
interaction between water molecules and non polar confining surfaces.

The rest of the paper is organized as follows: in the next section the
theoretical framework of our classical and ab initio simulations is outlined,
and the way we obtained IR spectra from equilibrium molecular dynamics
simulations is described. In section 3 we discuss the ab initio results for
water confined between graphene surfaces, and in Sec. 4 we compare them
to the spectra obtained from classical MD simulations. Sec. 5 contains our
conclusions.

2 Method

We carried out molecular dynamics (MD) simulations of water confined
between graphene sheets at distances varying from 1.01 to 2.5 nm, by using
both ab initio simulations15 and classical empirical potentials. In particular,
we used a flexible simple point charge model (SPCF)16 and a polarizable
model.17

When performing computer simulations, the preparation of a solid/liquid
interface within a confined medium is not straightforward. The main diffi-
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culty lies in estimating the number of water molecules required to fill up the
confined space, in the presence of an excluded volume between the surface
and the wetting layer. Such volume is not a priori known and eventually
has to be subtracted from the volume accessible to water molecules, in order
to determine the density of the confined fluid. To compute the number of
water molecules, we determined the initial configuration of the system by
using classical simulations with a SPC/E18 potential in all cases. First a
trial system (with a tentative number of water molecules) was equilibrated
and then MD runs were repeated either by changing the number of water
molecules in the confined space or by varying the dimensions of the confin-
ing volume until the stress on the simulation cell corresponds to atmospheric
pressure conditions. The samples obtained in this way were used as starting
points for both ab initio and subsequent classical runs. We chose an SPC/E
model to prepare our samples because well tested van der Waals parameters
to describe the interaction between water and graphite surfaces and nan-
otubes (NTs) were available in the literature.19 In particular the carbon
atoms were modeled as neutral particles interacting with the oxygen atoms
through a Lennard-Jones potential determined by the parameters εCO =
0.3651 kJ/mol and σCO = 0.319 Å.19,20 In the graphene/water system the
cell dimensions in the (x,y) plane were fixed and determined by the size
of a relaxed graphene sheet containing 60 carbon atoms (12.4×12.1 Å). In
the z direction the graphene layer distance was optimized to accommodate
32 water molecules. The thickness of the exclusion volume present at the
graphene/water interface, as determined by the atomic density profile ρ(z),
was estimated to be ∼2 Å.

In classical simulations21 of IR spectra we used two different parameteri-
zations of the flexible SPC forcefield,16,22 and a polarizable force field where
the oxygen polarizability is described by a Drude model.17 In these cases,
the IR spectra were computed from the autocorrelation function of the total
dipole moment $M , which is the sum of the molecular dipoles $µi. The dipole
of each water molecule for the flexible simple point charge (SPC) models used
in the classical simulations is easily defined: $µi = qO$rO + qH$rH1 + qH$rH2.

In the first principle MD simulations the interatomic interactions are
computed by solving the electronic structure within density functional the-
ory using the generalized gradient approximation by Perdew, Burke and
Ernzerhof .23 We adopted norm-conserving pseudopotentials ,24 and a
plane-wave basis set with a cutoff of 85 Ry. In this case, we computed
IR spectra using a version of Car-Parrinello (CP)ab initio MD25–27(AIMD),
in which maximally localized Wannier functions (MLWFs),28 in place of
Bloch orbitals, are propagated “on-the-fly”. MLWFs are equivalent to Boys
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orbitals29 used in Quantum Chemistry. Wannier Functions (WF) are ob-
tained from the eigenstates of the Hamiltonian by a unitary transformation
and then MLWF are derived from WF by localization in real space. We use
a time step of 7 a.u. (0.17 fs) and a fictitious electron mass of 350 a.u. to in-
tegrate the electronic and ionic equations of motion .25 The main advantage
of using MLWF is that we can define the dipole moment of a water molecule
µi as: µi = e(6$rO +$rD1

+$rD2
− 2

∑
l=1,4 $rWl

) where $rD1
, $rD2

and $rO are the
coordinates of the deuterium and oxygen atoms, respectively, and $rWl

are
the centers of the four (doubly occupied) MLWFs associated to molecule i.
The total polarization is given as the sum of the individual dipole moments
of the water molecules and the dipole moment of the surface atoms. The x
and y components of the surface dipole have been computed from the atomic
and Wannier center coordinates, modulo the ”polarization quantum”, as in
the theory of polarization based on the Berry phase formalism.30,31

The IR absorption coefficient per unit length α(ω) is related to the re-
fractive index n(ω) and the imaginary part of the dielectric constant ε(ω) by
α(ω)n(ω) = (ω/c)ε(ω). Within linear-response theory, α(ω) is given by the
power spectrum of the time-correlation function of the total dipole operator
M̂ . Here we approximate the quantum time-correlation function with the
classical one, i.e., with 〈M(0)M(t)〉 where M is the total dipole moment
in the simulation cell and the brackets indicate classical ensemble averages.
The quantum time-correlation function can be expressed in several equiva-
lent ways, leading to formulae for the IR absorption coefficient characterized
by different prefactors; these are known as quantum correction factors. Fol-
lowing Refs.,32–34 we adopt the so-called harmonic approximation (HA) that
is obtained by replacing the Kubo-transformed quantum correlation function
with the classical one. The quantum corrected line-shape I(ω) is:

I(ω) =
β!ω

1 − e−β!ω
Icl(ω) (1)

where β is the inverse temperature and Icl(ω) is the Fourier transform of the
classical 〈M(0)M(t)〉. In the harmonic regime, the HA is exact. Ramirez
et al.33 showed that HA is the only correction factor that satisfies the
fluctuation-dissipation theorem in addition to detailed balance. The same
authors also found that HA performs better than the other quantum cor-
rection factors for one-dimensional anharmonic potentials modeling several,
different H-bond scenarios. In Ref.34 the HA prefactor was shown to pro-
vide a good agreement with experiment, for the relative intensities of IR
absorption bands of deuterated bulk water computed within the same ab
initio framework as in the present work.
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In the HA the IR absorption coefficient per unit path length of a sample
of volume V is given by:

α(ω)n(ω) =
2πω2β

3cV

∫
∞

−∞

dt e−iωt〈
∑
ij

µi(t) · µj(0) 〉. (2)

All the IR and power spectra presented hereafter have been smoothened by
a Fourier filter with a 50 cm−1 width.

The IR spectra have been computed in microcanonical (constant number
of particles, volume and energy, NVE) MD simulations; the ab initio and
classical runs were 10 and 50 ps long, respectively. Production runs were
performed after equilibrating the system at 350 K35 and at room tempera-
ture, in the ab initio and classical case, respectively.

The use of a CP scheme to perform ab initio MD involves assigning a
fictitious mass to the electronic states (MLWF in our specific case) and a
fictitious equation of motion for the electrons is solved at each ionic step,
without solving self-consistently the Kohn-Sham problem. Values of this
fictitious mass must be chosen carefully, for each specific system, in order
not to affect significantly the dynamical properties of the simulated sample,
and thus obtain results equivalent to those of Born-Oppenheimer (BO) sim-
ulations. In BO simulations at each ionic step the electronic ground state is
obtained by solving self-consistently the Kohn-Sham problem.35 To check
how the choice of the fictitious electronic mass affects calculations of IR
spectra, we performed a CP simulation of a 16 molecule proton disordered
model of hexagonal ice, with me = 350 a.u. and we compared our results
to those obtained by BO molecular dynamics simulations,14,36 where the
MLWF were computed every 1.2 fs (Fig. 1) using the algorithms developed
by37 We observed a red-shift of the high frequency bands computed by CP
molecular dynamics, with the shift being larger, the higher the frequency.
In the harmonic approximation, if we assign an effective mass M to har-
monic modes of frequency ν, for a fictitious mass me, ν is shifted by ∆ν,
such that ν +∆ν = ν/(1+me/M)∞/∈, with respect to that obtained in BO
simulations. Fig. 1 shows that by applying this simple correction term, one
achieves good agreement between CP and BO IR spectra, for the value of
the fictitious electron mass used in this work. Besides this frequency depen-
dent shift, no significant changes have been observed in the IR line shape of
ice computed with CP and BO simulations.
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Figure 1: Simulated IR spectrum of ice Ih by Born-Oppenheimer (black
solid line) and Car-Parrinello (red solid line) MD with a fictitious electronic
mass me = 350 a.u. The Car-Parrinello IR spectrum, corrected by ν+∆ν =
ν/(1+me/M)∞/∈ assuming M equal to the mass of Deuterium is also shown
(red dashed line).

3 Ab initio IR spectra

In this section we present the IR and power spectra of water confined by
graphene sheets (composed of 60 C atoms) at a distance of 1.01 nm and dis-
cuss the main features of the IR signal arising from electronic effects. Before
doing so, we briefly summarize the structural and electronic properties of
the interfacial liquid layer.

The structural properties of confined water found in ab initio simula-
tions have been presented in Ref.14 and ,15 where we have shown that in
the presence of a surface delimiting liquid water, density oscillations are in-
duced extending few Angstrom from the interface, with an increased density
of molecules in close proximity of the surface. In particular, in proximity of
a boundary there exists one (or few) layer(s) of water, which is structurally
different from the bulk liquid. Interestingly, we found that the properties
of this highly perturbed water layer do not depend on surface separation.
In addition, even in the case of high, hydrophobic confinement, the per-
turbation on water structural properties induced by the surface is localized
within a layer 0.3-0.5 nm thick. This is consistent with the results of recent
investigations38,39 where experimentally upper bounds to the surface layer
were given (varying between 0.25 and 0.6 nm). It has been suggested10 that
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Figure 2: Electron density of the coupled water-graphene system (32 water
molecules confined within graphene sheets at a distance of 1.01 nm), as
obtained from ab initio simulations (see text). The positions of the carbon
atoms of the graphene layers are at 0 and 10.1 Å respectively. The red, blue
and black curves represent the electronic density of water, graphene and
the total density, respectively. The dashed line indicates the average bulk
density.

a rarefaction of the density of water is present in proximity of a hydrophobic
surface and this topic is still the subject of heated debate. Ref.10’s results
were recently challenged by Ocko et al.11 and by Kashimoto et al.12 Fig. 2
shows the electronic density as a function of the graphene layer separation
as obtained in our calculations. The observed depletion of electronic density
in close proximity of the surface (i.e. in a region of linear dimension ∼1 Å
from which water molecules are excluded) does not imply and is not accom-
panied by a rarefaction of water molecules at the interface. In fact, we find
a peak of the mass density of water at the graphene interface, similar to
that observed at the deuterated diamond interface,15 showing the absence
of a water molecule depletion layer, consistent with the results of Ref.12

In Fig. 3, we report the computed IR spectrum of 32 water molecules in
contact with graphene at a confinement of 1.01 nm (red line) and we com-
pare it with computed vibrational density of states (v-DOS) (blue line) and
with the IR signal obtained for the coupled water-graphene system (black
line). The spectrum shown by the red line has been evaluated by restrict-
ing the sum yielding the total dipole moment to the water molecules only,
when computing the dipole-dipole correlation function. The position of the
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Figure 3: Computed IR spectrum of 32 D2O molecules confined between
graphene sheets at a distance of 1.01 nm. The black and red lines represent
the full spectrum (D2O plus surface) and that of the water molecules, re-
spectively. The blue line represents the power spectrum of D2O, obtained
from the Fourier transform of the velocity autocorrelation functions of the
D atoms.

lowest frequency peak and of the bending modes is the same in the v-DOS
and IR spectra, although the relative peak intensities are different. The
main peak of the high frequency modes is instead shifted towards higher
frequencies in the v-DOS, compared to IR, indicating a different IR activ-
ities of stretching modes, depending on weather OD bonds are engaged in
hydrogen bonding and on the character of the hydrogen bonds (donor or
acceptor). An analysis of the ionic trajectories shows that the peak of the
v-DOS at 2500 cm−1 corresponds to OD bonds not engaged in hydrogen
bonding with other molecules, and belonging to molecules in the immediate
interfacial region. The feature corresponding to ”free” OD bonds in the IR
spectrum is much weaker than in the v-DOS, and it appears as a shoulder
of the high frequency peak. This indicates that the IR activity of free OD
bonds is negligible. This is surprising, as it is well known that stretching
modes of a symmetric-top molecules such as water are IR active.

Interestingly the full spectrum (surface plus D2O), represented by the
black line in Fig. 3, does show a peak at ∼2500 cm−1. Therefore the dif-
ference between the full spectrum and the D2O spectrum must come from
interactions between water molecules and the surface; indeed we find that in
the case of interfacial water molecules, the electronic charge density fluctua-
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Figure 4: In-plane (X, Y black and red lines) and out-of-plane (Z, blue line)
contributions to the graphene sheet IR spectrum, originating from the oscil-
lating dipole of the graphene foils. In the out-of-plane spectrum a correlation
with the IR modes of water can be seen by comparing with the results of
Fig. 3.

tions at the interface greatly affect the IR activity of O-D bonds not engaged
in HB. In particular it is the overlap of the highly polarizable p-electrons
of graphene with the electronic charge density of the water molecules that
is responsible for the modified IR activity. The intricate interactions of the
electrons of graphene with the water molecules are also apparent when de-
composing the IR spectrum of the graphene confining surface (Fig. 4) . The
power spectrum of graphene shows no modes at frequency higher than ∼
1600 cm−1, while the IR spectrum reveals resonances with the IR modes of
water.15 The in-plane spectrum of the surface contains only a single mode
(corresponding to the C-C stretch of the graphene layer); the out-of-plane
spectrum contains instead a prominent peak at ∼2500 cm−1, and all of its
features correlate well with those observed in the water-graphene spectrum.
We emphasize that the high frequency peaks of the graphene spectrum are
not related to ionic vibrations but to electronic charge fluctuations induced
by the interaction with water.

These results show that an explicit treatment of the electronic structure
of the surface and of the liquid is required to understand IR spectra and that
interpretation of experimental results based solely on vibrational density of
states (or power spectra) does not suffice and may be misleading, as it
is shown in the following section, where we discuss results obtained using
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classical potentials.
It is interesting to note an analogy between the high frequency features

observed in our simulated IR spectra and those reported for hydrogenated
water confined in CNTs with very high curvature (diameter of ∼ 1 nm).9

The measurements of Ref.9 have been interpreted as indicating the presence
of a new phase of water under confinement, and in particular of weak inter–
ring bonds not present in the bulk. Our calculations show that a peak
similar to that reported in Ref.9 may appear due to charge fluctuations
between the OD not involved in hydrogen bonds and the confining surface.
Therefore, our results provide a possible, alternative interpretation of the
data reported in Ref.9 In fact water tends to form small rings at hydrophobic
(or weakly hydrophilic) surfaces, so as to maximize the number of hydrogen
bonds, however without altering the local tetrahedral geometry40 of the
fluid. Although we observed the presence of an increased number of 4- and
5-fold membered rings in confined water, with respect to bulk water, we did
not find the occurrence of quasi-planar structures in the interfacial fluid, as
suggested in ref.9

4 Classical MD simulations

In the previous section we have discussed the details of the IR spectra of
confined water computed by AIMD simulations. In particular we have shown
that accounting explicitly for electronic polarization is essential to achieve
a proper description of the interaction between graphene and water, and we
have identified the fingerprints of such interaction in IR signals. In classical
simulations the surface-water interaction is usually modeled by a Lennard-
Jones potential16,19 that does not include any specific information about the
electronic structure of the confining surface, nor about the polarizability of
the interfacial water molecules. Here we aim at investigating the impact, on
the description of IR spectra, of neglecting the water molecule polarizability,
as done in several classical models, or of approximating it via a Drude model.

We compared the vibrational density of states obtained from simulations
using two different parameterization of the flexible SPC model16,22 and we
conclude that the potential of Ref. 16,41 gives a satisfactory agreement with
the power spectrum computed from first principles. In particular, Fig.5
shows that when using this potential there are no qualitative differences
between classical MD and AIMD power spectra, except for a small shift
of the OD stretching and bending peaks. Based on our results for ice (see
Fig.1), we ascribe these differences to inaccuracies of the ab initio IR spectra,
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Figure 5: Comparison between the vibrational density of states (v-DOS) of
confined water as obtained by using ab initio simulations and two different
classical force fields: flexible SPC from reference a)16 and b),22 respectively.

introduced by the use of a fictitious electron mass in the AIMD simulations.
While classical and ab initio v-DOS are qualitatively similar, the IR spectra
obtained within the two formulations show very important differences both
in peak position and relative intensities (see Fig. 6).

As a classical potential does not account for dipole changes occurring in
a water molecule upon rigid translation in a charged environment, the low
frequency band related to hindered translations (ν less than 250 cm−1) is
absent in the classical IR spectrum. The hindered-libration band is instead
much amplified and is by far the most intense peak of the spectrum. This
effect is strictly related to the fluid in the confined geometry, and it is much
less prominent in the IR of bulk water obtained with the same classical po-
tential (inset of Fig 6). The absence of a hindered translation band and the
amplification of the hindered libration most likely stem from the unphysical
lack of electrostatic coupling between water and the confining medium. In
AIMD calculations the hindered libration band is damped by polarization
effects on a given molecules, originating from surrounding water molecules;
in a confined geometry the intensity of this band is further damped by the
polarization of the confining medium (graphene). Indeed we have shown
that the IR activity of graphene layers exhibit modes corresponding to all
the IR active modes of water (see Fig. 4). The OD bending peak obtained
in classical simulations is also more intense than in the AIMD spectra, again
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Figure 6: Comparison between classical (red line) and ab initio (black line)
IR spectra of water confined between two graphene sheets at a distance of
1.01 nm. The inset shows the power spectrum (red) and the IR spectrum
(black) of bulk water from classical MD simulations adopting the SPCF
force field.16

because of lack of polarization effects from the aqueous environment; in this
case the confining medium does not appear to play a significant role . The
OD bending peak has similar relative intensity in the bulk and in the con-
fined geometry; in addition the corresponding out-of-plane component of the
graphene signal, found in the ab initio simulation,is rather weak, indicating
no substantial coupling between the water molecules and the electrons of
graphene. In the high frequency OD stretching band, the mode related to
non hydrogen-bonded OD bonds does not appear as a distinct feature in
the classical spectrum, however a slight shift of the IR peak towards high
frequencies with respect to the bulk is found.

From the comparison shown above we conclude that even when using a
flexible point charge potential yielding v-DOS in very good agreement with
those obtained ab initio, the IR line shapes differ substantially from those
found in first principle calculations. This disagreement is due to the fact
that classical model potentials do not account for water-surface interactions
and polarization effects in a physical sound manner.

A possible route to incorporate polarization effects in a classical sim-
ulation is to use a polarizable Drude model. We therefore probed the IR
spectrum of bulk and confined water, as described by the polarizable model
by Lamoureux et al.17 This model, dubbed SWM4-NDP, is built upon the
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Figure 7: IR spectrum (black line) and vibrational density of states (red) of
confined water from classical MD simulations where the polarizable SWM4-
NDP potential17 is adopted.

TIP4P model.42 The water molecules are treated as a rigid bodies with
fixed O-H length (0.9572 Å) and HOH angle (104.52o). A massless point
charge is placed along the symmetry axis of the molecule in order to account
for the permanent dipole moment of water. In addition to this TIP4P like
model, the SWM4-NDP force field has a charged shell associated to the oxy-
gen atoms. The oxygen shell and core have opposite charges and therefore
account for the effect of a varying dipole. As the water molecules are treated
as rigid bodies, by using the SWM4-NDP model we can only probe the far
infrared part of the spectrum, which is related to hindered translations and
librations. The IR and power spectra of confined water are compared in
Fig. 7. At variance with the other classical models considered so far, hin-
dered translational modes are found to be IR active, although the position of
the peak in the IR spectrum is shifted with respect to the power spectrum.
IR active translational modes have been previously observed for bulk water
in Ref.,43 by using a classical polarizable forcefield, however they differ from
those found experimentally and by AIMD,44 since they obey different selec-
tion rules. The ratio of the intensities of translational and librational modes
is imbalanced in favor of the latter, this indicates that, as for the SPCF
model, a screening term coming from the surface polarization is missing to
attenuate the dipole fluctuations along the z axis.
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5 Conclusions

In summary, we have presented a comparison between IR spectra of water
confined within graphene layers, obtained by using ab initio and classical
simulations. We have shown that in order to describe the interaction of wa-
ter with non polar surfaces and to account for IR spectra, electronic charge
density fluctuations occurring at the interface must be explicitly taken into
account. In the near-IR region, ab initio vibrational and IR spectra show
important differences arising from electronic effects, that is electronic charge
fluctuations occurring at the interface. We have also shown that even in the
case of classical potentials yielding v-DOS in good, qualitative agreement
with ab initio results, computed classical and ab initio IR spectra differ sub-
stantially, due to the lack of a proper account of water-surface interaction
and water polarization effects in classical simulations. The use of a polar-
izable Drude model for water brings classical and ab initio simulations into
better qualitative agreement, however one should describe also the confining
surface as a polarizable system to achieve a satisfactory description of the
system.

Finally, our ab initio simulations show that all of the notable features
found in IR spectra of water confined within graphene layers arise from mere
interface effects, i.e. from interactions occurring in close proximity of the
interface, and not from new phases of water under confinement.

We gratefully acknowledge support from Scidac grant No. DE-FG02-
06ER46262. Part of this work was performed under the auspices of the
U.S. Dept. of Energy at the University of California/Lawrence Livermore
National Laboratory under contract no. DE-AC52-07NA27344.
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